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Abstract
Objective
This study investigates associations between cortical thickness and pain duration, and cen-
tral sensitization as markers of pain progression in painful knee osteoarthritis.
Methods
Whole brain cortical thickness and pressure pain thresholds were assessed in 70 partici-
pants; 40 patients with chronic painful knee osteoarthritis (age = 66.1± 8.5 years, 21
females, mean duration of pain = 8.5 years), and 30 healthy controls (age = 62.7± 7.4, 17
females).
Results
Cortical thickness negatively correlated with pain duration mainly in fronto-temporal areas
outside of classical pain processing areas (p<0.05, age-controlled, FDR corrected). Pain
sensitivity was unrelated to cortical thickness. Patients showed lower cortical thickness in
the right anterior insula (p<0.001, uncorrected) with no changes surviving multiple test
correction.
Conclusion
With increasing number of years of suffering from chronic arthritis pain we found increasing
cortical thinning in extended cerebral cortical regions beyond recognised pain-processing
areas. While the mechanisms of cortical thinning remain to be elucidated, we show that
pain progression indexed by central sensitization does not play a major role.
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Introduction
Chronic musculoskeletal pain is a major health and societal burden affecting about 30% (13.5–
47%) of the general population, and osteoarthritis (OA) is considered one of the main causes
[1]. Over the past decade, several studies have identified brain morphometric changes in
chronic pain, but the nature and causative factors of these changes are largely unknown. Grey
matter (GM) losses were interpreted as either reflective of structural neuroplasticity with some
evidence for reversibility, or alternatively as pre-existing trait marker of pain vulnerability [2].
Reduction in grey matter volume has been noted in several chronic pain states [3]. However,
the distribution of pain-related GM changes varies greatly between studies, even when studying
identical primary aetiologies of chronic pain disorders.
It remains unclear whether maladaptive or neuroplastic changes during pain progression
contribute to structural brain findings in chronic pain. Some studies have reported negative
correlations i.e. less GM volume with longer pain duration [4, 5], while others found positive
[6, 7], or no correlation [8, 9]. These discrepancies may reflect a random error (small sample
sizes), technical limitations of GM volume estimation, non-linearity of the interrelation or
true biological differences.Moreover, the multidimensionality of chronic pain and related
comorbidities may underlie the heterogeneity in the observedpattern of grey matter changes
among different pain states. However, independent of the precise mechanism causing brain
volume reduction in chronic pain, one can argue that there are two possible association pat-
terns: Morphometric changes linked to innate pain vulnerability will be pre-existing and are
unlikely to progress, while changes in response to the chronic pain experiencewill be cumu-
lative and hence be associated with pain duration. The latter association pattern would be a
strong indicator of maladaptive neuroplasticity underlying morphometric brain changes in
chronic pain.
Central sensitization is one of the key mechanisms underlying pain chronification that
might also explain structural brain plasticity associated with chronic pain. It is defined by
the International Association for the Study of Pain as “an increased responsiveness of noci-
ceptive neurons in the central nervous system to their normal or sub-threshold afferent
input” [10]. In contrast to peripheral sensitization, which involves local pain hypersensitiv-
ity restricted to the damaged area, central sensitization results in remote pain hypersensi-
tivity in non-injured areas [11], and may persist without clear peripheral nociceptive
conduction. Reduced pain thresholds at body sites remote from the primary clinical pain
site as a sign of central sensitization can be demonstrated in several chronic pain conditions
[12–14], including osteoarthritic pain [11]. Quantitative sensory testing using a pressure
algometer to detect local and remote mechanical pain thresholds is a commonly used non-
invasive tool to quantify sensory and pain perception in both normal and chronic pain con-
ditions [11, 15].
Putative links between central sensitization and brain morphometry in chronic pain are
under-researched with preliminary contradictory findings. In fibromyalgia for instance, grey
matter volume loss in anterior cingulate and prefrontal cortex showed moderate correlation
with central sensitization [16]. In contrast, no associations were found between cortical thick-
ness and cutaneous heat pain thresholds in migraine patients [17]. As far as we are aware there
are no studies that assess central sensitization and corticalmorphometric changes in primarily
nociceptive pain states.
Nevertheless, there is some evidence that inter-individual differences in pain sensitivity in
healthy controls are partly explained by cortical thickness in the left superior temporal/inferior
parietal region with thinner cortex associated with higher pain sensitivity [17]. Brain morpho-
metric associations with pain hypersensitivity may bemodality-specificwith cortical thickness
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of SI positively correlated with heat pain sensitivity, and thickness of the paracentral lobule
with cold pain sensitivity [18]. Cortical thickness in the anterior cingulate in that study was
also noted to be associated with increased sensitivity to warm detection [18]. Importantly, grey
matter loss was observed in pain sensitizers after repeated pain exposure in several brain areas
including the anterior cingulate cortex (ACC) [19]. Compelling evidence for a role of the ACC
in central sensitization comes from several studies in preclinical models of chronic pain [20].
We thus hypothesize that central sensitizationmay explain cortical thinning in chronic pain
predominantly affecting the ACC.
Pain in osteoarthritis is considered primarily nociceptive initially resulting from joint tissue
damage, but additional central mechanisms are increasingly recognizedduring pain progres-
sion [21]. Predominant central pain might explain why around 15% of patients undergoing
knee replacement surgery will not achieve pain relief [22]. A recent meta-analysis confirmed
reduced pain thresholds in OA patients at affected and remote body sites suggesting the pres-
ence of both peripheral and central sensitization [11]. There is also evidence for impaired cen-
tral pain modulation and increased temporal sensitization in chronic OA pain [23] further
demonstrating central pain mechanisms.
Progress in brain morphometricmethods enabled surface based approaches to more reliably
quantify cortical structure and distinctly study the genetic and phenotypical underpinning of
cortical thickness from surface area changes that both contribute to grey matter changes [24].
This method has gained popularity to investigate cerebral morphometry in chronic pain [2],
[25]. There are several advantages of the surface-based approach over standard volumetric
methods: cortical thickness assessment provides a directly interpretable metric, allows for
detection of sub-voxel changes [26], while being less sensitive to inaccuracies of spatial normal-
ization and smoothing [27], and has been well validated [28].
Here, we assess cortical thickness using surface-basedmeasurements of high-resolution 3T
brain MRI in chronic knee OA pain subjects to test the primary hypotheses (i) that cortical
thinning progresses over the duration of chronic pain, and (ii) that central sensitization
indexed as increasedmechanical pain sensitivity remote from the affected joint is associated
with cortical thinning primarily in the ACC and other pain processing areas.
Materials and Methods
Subjects
Patients (n = 40, age = 66.09± 8.47; 21 females) with radiologically defined knee OA were
included if they had chronic pain defined as ‘pain lasting for3 months and experiencedmost
of the day on most days of the week for at least the last month [29], (Table 1 and S1 Table).
Patients were identified via general practices, orthopaedic outpatient clinics, and from previous
local studies. Exclusion criteria were major medical, neurological or psychiatric co-morbidities,
under 18 years, pregnancy, previous joint replacement or MRI contraindications.
Pain-free healthy controls (n = 30, age = 62.72± 7.44; 17 females) were recruited via posters
and through invitations to patients’ partners. All healthy controls were confirmednon-OA via
general practitioners database.Written informed consent was obtained from all participants
according to the declaration of Helsinki, and Nottingham Research Ethics Committee 2 NHS
approved the study (10/H0408/115).
Pain characteristics were assessed in patients using the self-administeredMcGill pain
(MPQ) [31] and PainDETECT [32] questionnaires that record sensory and affective, and
neuropathic pain components respectively. Pressure pain thresholds (PPT) were recorded
by a trained single rater using a digital algometer (Somedic AB, Sweden) with three repeti-
tions at the index finger, sternum, medial tibia, and at the medial and lateral joint lines of
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the painful knee. The average of the last two readings for the three non-local sites was used
to indicate non-knee or remote PPT, and those from knee joint lines to indicate knee or
local PPT. Cognitive ability of all participants was evaluated during a face-to-face interview
using the Montreal Cognitive Assessment test (MoCA) [33]. Depressive symptoms were
assessed using Beck’s Depression Inventory BDI-II [34]. Educational level [30], handedness
[35], body mass index (BMI) and medications were recorded in all participants (Table 1)
and S1 Table.
Brain Magnetic Resonance Imaging
MRI was performed at 3T (Discovery 750, GEMedical Healthcare, Milwaukee, US) using a
32-channel head coil. 3D anatomical brain scans were acquired using axial T1 FSPGR-BRAVO
sequence (Voxel size = 1mm3, TE = 3.3ms, TR = 8.5ms, TI = 450, FA = 12, Acceleration fac-
tor = 2, acquisition time = 4min 10s).
Cortical thickness analysis
Cortical reconstruction and thickness estimation (CT) was performed using the Freesurfer
software package (Mac version 5.1.0 available at (www.surfer.nmr.mgh.harvard.edu), fol-
lowing standard procedures and rigorous visual quality control. Briefly the processing
involves removal of non-brain tissue, transformation into Talairach space, intensity nor-
malization, tessellation of the grey matter white matter boundary, automated topology cor-
rection, and surface deformation is then performed to indicate the grey/white and grey/
cerebrospinal fluid borders based on detection of greatest shift in intensity [36]. The
method uses both intensity and continuity information from the entire three dimensional
MR volume in deformation procedures to produce representations of cortical thickness,
calculated as the closest distance from the grey/white boundary to the grey/CSF boundary
at each vertex on the tessellated surface. The reconstruction output is then visually
Table 1. Characteristics of study participants.
Age (Y) Sex
(M: F)
BMI Handed-
ness (R: L)
Educ.
level
1–8
MoCAMax.
30
BDI
0–63
Pain
duration
(Months)
Ch. Pain
severity
0–10
VAS
0–10
MPQ
Sensory
0–42
MPQ
Affective0-
14
Pain-
DETECT
0–38
Patients
n = 40
Mean 66.09 28.8 3.9 26.8 7.3 102.1 5.4 3.2 12.5 1.4 11.4
SD 8.47 4.9 5.5 12 12
Median 27.4 3 27 7 72 3 1
Range 45.4–83.0 20–41.1 1–8 18–30 0–22 12–456 1–10 0–9 0–31 0–11 0–25
Ratio 19:21 37:2 (1NA)
HC n = 30 Mean 62.72 26.21 5.6 27.2 2.2
SD 7.44 4.9
Median 25.3 6 27 1
Range 46.8–80 18.9–41.4 1–8 23–30 0–12
Ratio 13:17 27:3
P-Value .09§ .73Φ .04§ .64Φ .07Φ .9¶ .001¶
BMI = Body Mass Index, Education scores based on 8 categories represent the British education system levels where 1 = none and 8 = higher degrees
[modified from [30]], MoCA = Montreal Cognitive Assessment. BDI = Beck’s Depression Inventory. Ch. Pain severity = chronic pain severity; average pain
intensity over the past four weeks on a scale from 0 to10. VAS = visual analogue scale.
§ = Independent t-test.
¶ = Independent samples Mann-Whitney U Test.
Φ = Chi-squared Tests or Fisher’s Exact Test when sample size is <5 in any cell.
doi:10.1371/journal.pone.0161687.t001
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inspected and any parcellation inaccuracies were manually corrected as per Freesurfer
manual. This process involved all subjects to ensure that the automated parcellations follow
the actual surface of the cortex. In all subjects some degree of manual correction was
required ranging from as minimal as 2 consecutive brain slices (1 slice = 1mm) to a maxi-
mum of 16 non-consecutive slices. This was performed and checked in coronal, sagittal and
transverse views to ensure accuracy by one trained researcher while blinded to the clinical
details (HA) supervised by an experienced neuroradiologist (RAD). The maps produced
are not restricted to the voxel resolution of the original data thus are capable of detecting
changes at sub-millimetre levels.
Statistical analysis
We used SPSS version 20 for demographic and global association statistical analysis. Indepen-
dent t-test was used to examine group differences in parametric data of age, BMI, pain severity,
sensory and affective components of pain, and Mann-Whitney U tests to examine group differ-
ences in scores of the non-parametric data of MoCA, BDI, pain duration and PainDETECT.
Between group comparisons of sex, handedness and educational status were assessed using
Chi-Squared tests.
To test our main hypotheses that cortical thinning is correlated (i) with pain duration, and
(ii) with remote mechanical pain sensitivity general linear mixedmodels implemented in
QDEC (Freesurfer statistical and visualization tool; www.surfer.nmr.mgh.harvard.edu)were
used. To this end, we performedwhole-brain surface based correlation (pain duration and
PPT) analysis controlled for age. We did not control for intracranial volume, as cortical thick-
ness different from cortical volumes does not scale with differences in intracranial size. The
dependence of regional volumes from intracranial size largely results from surface area, how-
ever this does not apply to cortical thickness, and in fact no association could be demonstrated
between head size and cortical thickness [37].
Due to the skewed distribution we used log-transformed data for pain duration where a sim-
ple logarithmic (z = log to base 10 y) transformation was made on the raw data to normalize
the distribution. Significancewas set at p<0.05 (corrected for multiple comparisons using false
discovery rate FDR). To account for our regional hypothesis for the pain sensitivity analysis,
small volume correctionwas used deploying a mask that included dorsal ACC using the Free-
surfer parcellation atlas aparc.a2009s [38], with a significance threshold set at corrected
p<0.05 using Monte Carlo permutations with 5000 iterations using AlphaSim (http://afni.
nimh.nih.gov/afni/doc/manual/Alpha-Sim).
Secondary confirmatory statistical tests were performed to study associations of averaged
cortical thickness and pain duration and pain sensitivity using parametric or non-parametric
correlation analysis as appropriate. To confirm previously reportedmorphometric brain
changes in OA patients we used QDEC and general linear mixed models with a between
group design, corrected for age. This included a subgroup analysis of patients after applying
a median split into shorter (less than 6 years, SPD) and longer pain duration (6 years or lon-
ger, LPD) in line with a previous study also using a median split suggesting that brain mor-
phological changes may only become discernible after more than five years [39]. Results for
these between group comparisons are reported at uncorrected p<0.001, but all tests were
controlled for age to allow direct comparison with existing literature. Lastly, we compared
averaged cortical thickness between patients and controls (using age corrected ANCOVA,
implemented in SPSS) to explore putative factors that may generally predispose to low corti-
cal thickness.
Cerebral Cortical Changes in Chronic Pain
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Results
Demographic data
Patients with knee osteoarthritis (KOA) and healthy controls (HC) did not differ in age and
sex. Detailed participants’ characteristics are shown in Table 1. KOA suffered from chronic
knee pain as their main complaint (21 with dominant right, and 19 with dominant left knee
pain), and had not undergone knee or other joint replacement. 19 out of 40 patients were on
regular medication with a very similar frequency for the short and long pain duration sub-
groups: anti-hypertensive drugs (n = 9 (total); 5 LPD, 4 SPD) or non-opioidergic painkillers
(n = 8 total; 4 LPD: 4 SPD), S1 Table for more details. Healthy controls were pain-free and
non-medicated except three subjects were on Zopiclone for insomnia, eye drops for glaucoma
and oestrogens, respectively.
Compared to healthy controls, KOA patients presented with higher scores of self-reported
low mood (p = 0.001, Table 1), ranging fromminimal to the upper limit of mild depression
[40]. There was no significant difference in the cognitive ability between patients and healthy
controls with the latter showing non-significantly higher educational levels, and significantly
less bodymass index. There was no significant difference between short and long pain duration
patient strata in age, sex distribution, cognitive ability or mood.
Pain characteristics
Most patients describednociceptive or unclear pain symptoms according to PainDETECT
scores (0–12: ‘nociceptive’, n = 24, 60%, 13–18 ‘indeterminate’, n = 11, 27.5%), with only five
(12.5%) considered to have neuropathic-like symptoms (PainDETECT scores 19–38). Patients
with short as compared to those with long pain duration presented with significantly higher
reports of chronic pain severity and also a tendency for higher pain intensity on the day of
scanning. Higher pain intensity in the SPD group was associated with a higherMPQ affective
domain score but normal sensoryMPQ component (Table 2).
Table 2. Demographic data and pain characteristics of short vs. long pain duration groups.
Age (Y) Sex (M:
F)
Pain duration
(Months)
Ch. Pain
severity
Pain severity
(VAS)
Sensory
(MPQ)
Affective
(MPQ)
Pain-
DETECT
BDI
0–10 0–10 0–42 0–14 0–38 0–63
SPD
(n = 20)
Mean 65.2 33.9 6.3 3.9 13.8 1.9 10.6 6.7
SD 8.2 2.4 4.2 7.7 6.8
Median 33 1 4.5
Range 45.4–
83
12–60 2–10 0–9 0–31 0–11 0–23 0–
22
Ratio 7:13
LPD
(n = 20)
Mean 66.9 165 4.4 2.5 11.2 0.9 12.2 8.1
SD 8.8 4.5 2.4 8.1 5.6
Median 120 0 7.5
Range 48.3–
81
72–456 1–8 0–7 0–29 0–7 1–25 0–
19
Ratio 12:8
P-value 0.5§ 0.2Φ < 0.001¶ 0.01§ 0.07§ 0.3§ 0.04¶ 0.4§ 0.2¶
SPD = Short Pain Duration, LPD = Long Pain Duration, VAS = Visual Analogue Scale, MPQ = McGill Pain Questionnaire, BDI = Beck Depression Inventory.
§ = Independent t-test.
¶ = Independent samples Mann-Whitney U Test.
Φ = Fisher’s Exact Test.
doi:10.1371/journal.pone.0161687.t002
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Quantitative Sensory Testing (pressure pain)
One KOA dataset was discarded due to a technical error. Knee PPT were significantly lower in
KOA vs. HC (p = 0.002, Table 3), but there was only a borderline trend (p = 0.1) for lower PPT
in KOA at remote sites. Neither knee nor remote PPTs correlated with chronic pain severity or
duration.
Cortical thickness findings in chronic painful knee OA compared to
healthy controls
The average CT did not significantly differ betweenKOA and HC controlling for age (2.37±
0.1 and 2.42± 0.08 respectively, p = 0.08; ANCOVA).
Whole brain vertex-based analysis did not reveal significant differences at FDR corrected
level. At the uncorrected p<0.001 level controlled for age, thinner cortex was found in the right
anterior insula in KOA. No differences were seen for the left hemisphere.
Long and short pain duration
There was no difference in average cortical thickness between long and short pain duration
groups, controlled for age.
Patients with long but not with short pain duration showed thinner left precuneus cortex
(p<0.001 uncorrected, controlled for age) when compared to healthy controls.
Correlations of cortical thickness with pain duration in chronic painful
knee OA
Average CT of the total brain, correlated inversely with the log-transformed data of pain dura-
tion with moderate strength r = -0.46 (p = 0.01, controlled for age).
Detailed vertex-basedwhole brain correlation analysis revealed extended bilateral areas
involving several clusters (ranked according to Z-score, Fig 1 and Table 4) where log-trans-
formed pain duration correlated negatively with cortical thickness i.e. thinner cortex with lon-
ger pain (p<0.05, FDR corrected). As some clusters spanned over several regions, sub-clusters
were detailed and can be found in S2 Table. No positive correlations were seen at corrected nor
at uncorrected p<0.001 levels.
Post-hoc region-of-interest CT analysis
To illustrate the association of cortical thinning with the duration of chronic pain, we plotted
peak coordinates of four regions that showed strongest association betweenCT and pain dura-
tion (Fig 2) highlighting linear correlation with log transformed pain duration, (correlation
with pain duration raw data is provided in S1 Fig). Using partial correlations we further
explored whethermood scores or pain sensitivity moderated the interrelations. We found that
the increasing cortical thinning for these ROIs over the duration of pain remained indepen-
dently significant after controlling for the partial effects of mood and pain sensitivity scores at
p<0.003.
Table 3. Pressure pain threshold measurements for KOA vs. HC.
Average knee PPT KPa (M± SD) Average non-knee PPT KPa (M± SD)
Knee OA (n = 39) 308.9± 173.6 237.4± 114.2
HC (n = 30) 467.5± 232.3 283.6± 116.8
P value 0.002 0.1
doi:10.1371/journal.pone.0161687.t003
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Central sensitization and anterior cingulate cortical thickness
Thickness of the anterior cingulate cortex was not associated with central sensitization (partial
correlation: r = 0.25, p = 0.19, corrected for multiple comparisons based on Monte Carlo per-
mutations with 5000 iterations).
Fig 1. Cortical surface maps showing thinner cortex with log-transformed longer pain duration (right
hemisphere; top, and left hemisphere; bottom). Significance at p<0.05 FDR-corrected for multiple
comparisons and controlled for age.
doi:10.1371/journal.pone.0161687.g001
Table 4. Clusters of significant negative correlation with pain duration reported at the peak coordinates, (Rt. & Lt. hemispheres).
Cluster* Max Tal X Tal Y Tal Z Brodmann Area Anatomy
R 1 -4.76 14.7 76.9 -30.2 47 Pars orbitalis
2 -2.38 31.3 -63.4 36.8 19 Inferior parietal
L 1 -3.59 -29.7 24.8 37.8 9 Rostral middle frontal
2 -3.28 -21.6 57.1 -13.2 11 Rostral middle frontal
3 -3.28 -50.3 -40.7 -25.0 21 Inferior temporal
4 -3.03 -5.5 -32.1 39.9 31 Posterior cingulate
5 -2.86 -16.7 -76.0 44.2 7 Superior parietal
6 -2.82 -38.1 -2.6 1.1 - Insula
7 -2.56 -54.1 -47.3 37.8 40 Supramarginal
8 -2.53 -8.4 0.1 53.2 6 Superior frontal
9 -2.14 -32.7 -68.2 43.4 7 Inferior parietal
10 -2.08 -6.4 -61.5 17.2 30 Precuneus
11 -1.91 -11.1 13.5 34.5 24 Caudal anterior cingulate
12 -1.88 -57.3 -22.8 22.6 40 Supramarginal
*At peak co-ordinate
doi:10.1371/journal.pone.0161687.t004
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We also did not find any significant correlation between remote pressure pain thresholds
and CT at vertex-level or globally (p<0.05 FDR, age corrected).
Our patients showed only non-significant lower pressure pain thresholds remotely, but sig-
nificantly reduced pain thresholds at the affected knee, which indexes predominant peripheral
sensitization.We thus, repeated the analysis using local pressure thresholds, which again did
not demonstrate any association with cortical thickness in the ACC or globally.
Discussion
We found global and widespread regional cortical thinning over the duration of several years
of chronic pain in knee OA pain patients. Affected areas extended beyond classical pain pro-
cessing areas, and findings were not explained by central sensitization or low mood.Only the
right anterior insular cortex was thinner in OA patients relative to controls, but the effect did
not survivemultiple test correction.
Longer pain duration in knee OA patients was associated with extended, bilateral cortical
thinning after controlling for age effects using whole vertex-wise brain analysis. This link
between cerebral morphometric changes and chronicity of pain symptoms strongly supports
our hypothesis that morphometric changes are not predisposing factors but acquired as a result
of the chronic pain experience.Apkarian and co-workers were the first to propose the notion
that chronic pain induces neocortical atrophy [4]. Interestingly, while several papers report on
grey matter density or volume loss assumed to accumulate with pain chronification, the associ-
ation with pain duration has remained controversial. No previous study in OA established sig-
nificant correlation between pain duration and grey matter density controlling for age, which
may be due to smaller range of, and generally shorter duration of pain in previous study
cohorts. A subgroup analysis [39] suggested that grey matter changes in multiple brain areas
may only emerge after several years of persistent pain which is well in line with our subgroup
analysis that patients with pain duration shorter of 6 years did not show CT abnormalities
Fig 2. Scatter plots showing negative correlations of cortical thickness with log-transformed pain duration for four regions showing strongest associations
(a-d; right pars orbitalis and inferior parietal, and left rostral middle frontal and frontal pole, respectively).
doi:10.1371/journal.pone.0161687.g002
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compared to healthy controls even at the liberal p<0.001, uncorrected threshold. Moreover,
the observed strong interrelation of brain morphometric changes with pain duration in our
data may be due to the wide range of pain duration extending to many years in our sample and
possible enhanced by non-linear effects as we used log-transformed data on pain duration.
Increased sensitivity and robustness of the cortical thickness analysis used in this study may be
another explanation for the lack of previous studies to demonstrate this effect. Also, our find-
ings are generally well in line with studies reporting negative correlations between pain dura-
tion and GM volume, density or cortical thickness in other chronic musculoskeletal pain
disorders, such as back pain [4, 5]; globally and regionally within thalamus and dorsolateral
prefrontal (DLPF), rheumatoid arthritis [2]; within thalamus, and in fibromyalgia [41]; globally
and [42]; within the middle temporal and anterior cingulate gyri.
The functions associated with structures that showed most significant thinning with longer
pain in the studied patients are of particular interest. The frontal pole was reported to respond
to tonic noxious stimulation [43], but is also involved in joint attention [44]. Studies suggest
that the rostral middle frontal gyrus is also involved in decision-making [45]. The right pars
orbitals is associated with decisionmaking involving reward, behavioural and motor inhibition
[46].
The right inferior parietal cortex extending largely over Brodmann area 19 is associated pri-
marily with visual processing [47], however surrounding areas (Brodmann 5&7) that were also
affected by thinning vs. duration of pain, have been related to pain perception and were found
to show activation during sensory and motor tasks including thermal pain as well as with
vibrotaction and motor performance [48].
The cluster spanning over left Brodmann area 9 largely corresponds to the left dorsolateral
prefrontal cortex. There is a good evidence to suggest that the dorsolateral prefrontal cortex
participates in a neural network involved in pain processing with a conceivable modulatory
role in nociceptive transmission [37]. Repetitive trans-cranial magnetic stimulation of left pre-
frontal cortex in healthy subjects showed a significant increase in thermal pain thresholds [49],
supporting its proposed inhibitory function during pain perception. The findings of thinning
in the dorsolateral prefrontal cortex are compatible with a key finding of reduced grey matter
density in the bilateral dorsolateral prefrontal cortex in chronic back pain patients [4], and
affected left DLPFC in another surface-basedmorphometric study of low back pain patients
[25], and notably in chronic pain due to hip OA [50]. The nature of such grey matter or thick-
ness reduction in dorsolateral prefrontal cortex and their functional consequences remains
unclear, especially whether such a change would lead to functional disturbance of the inhibi-
tory role of the DLPFC as a putative contribution to pain persistency. Interestingly, a case-con-
trol study [51] of proton magnetic resonance spectroscopy revealed reductions of N-acetyl
aspartate (NAA) (relative to creatine/phosphocreatine complex) in the left dorsolateral pre-
frontal cortex in patients with chronic back pain, but not in the cingulate, insula, thalamus or
sensorimotor regions. NAA is known to be localized primarily within neurons and is widely
used as a marker for functional and structural neuronal integrity. Its relative reduction in the
dorsolateral prefrontal cortex in chronic pain patients [51] may index atrophy or reversible
neuropil reduction both compatible with the cross-sectionalmorphometric studies. Longitudi-
nal studies showed reversibility of chronic-pain related reductions in the dorsolateral prefron-
tal cortex following therapeutic pain relief in chronic back pain [25], and in chronic hip OA
pain [50]; thus further supporting reversible maladaptive reduction of neuropil in DLPC.
The observedpattern of cortical thinning shows only partial overlap with the pain process-
ing areas and regions for which reversibility of morphometric findings were found after pain
relief [25, 50, 52]. While at first counter-intuitive, a spatial dissociationmay be explained by
the multidimensionality of chronic pain experience and related comorbidities. Chronic OA
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pain can result in reduced quality of life [53], reduced exercise, impaired sleep and long-term
medication that may contribute to the pattern of progressive cortical thinning. In our studied
patients, medication intake was limited to mostly antihypertensive or painkillers in the form of
regular paracetamol tablets. Of note, none of the patients were on regular opioids which report-
edly can affect grey matter [54], however we are not aware of any published data that would
associate paracetamol with structural brain changes. Moreover, the subgroups of patients with
long and short pain duration differing in morphometric changes reported a similar frequency
of antihypertensive and painkillermedication intake.
We noticed that cortical thinning with increasing duration of chronic OA pain in the stud-
ied cohort overlapped partially with the default mode network (DMN). The DMN is increas-
ingly recognized as a core brain network related to homeostasis and introspection as opposed
to task-oriented brain functions. The DMN shows reduced brain activity during experimental
pain conditions as duringmost other tasks [55]. Moreover, during rest DMN functional con-
nectivity appears to be disrupted in a number of chronic pain conditions including musculo-
skeletal [56]. This is thought to reflect an abnormal state of pain directed self-referential
thought [3]. Taken together our novel findings of cortical thinning with increased chronic pain
duration in parts of the DMN provide further evidence for detrimental effects of chronic pain
beyond nociceptive systems and might explain the functional disruption in long distance neu-
ral networks.
Quantitative sensory testing has been widely used to characterize sensory and pain percep-
tion in both normal and chronic pain conditions [11], yet little is known about its neuroana-
tomical especially cortical correlates in painful states. In our studied patients we did not find
any significant association between higher pain sensitivity at remote sites indexing central sen-
sitization and global or anterior cingulate cortical changes. This is in line with negative correla-
tive findings between heat pain thresholds and grey matter volumes in migraine [17].
However, it is important to note that the group levels of mechanical pain thresholds at remote
sites in our KOA cohort were only non-significantly lower (p = 0.1) than those recorded from
the healthy control group. Hence, we can infer that the observed cumulative widespread corti-
cal changes in our cohort are not driven by central sensitization. Our results also do not sup-
port our hypothesis that central sensitization can explain ACC thinning, but due to the lack of
unequivocal central sensitization of our patient cohort we cannot exclude the possibility that
such correlations may exist in chronic pain patients with established central sensitization. In
contrast, our patients showed clear signs of peripheral sensitization but we were unable to find
any association between local pressure pain thresholds and cortical thickness either.
This study revealed only minor focal changes in cortical thickness in knee OA patients com-
pared to healthy controls that failed to maintain significance after controlling for age and mul-
tiple testing. At uncorrected p<0.001 we found reduced cortical thickness in the right anterior
insula. This is however one of the brain areas most commonly reported to show less grey mat-
ter (at the uncorrected level of p<0.001) in several chronic pain conditions including knee OA
and chronic regional pain syndrome [39], hip OA pain [25] and [50], fibromyalgia [41], and
myofascial temporo-mandibular pain [6] compared to healthy controls. Anterior insular cortex
is further recognized for its role in a wide range of conditions including negative affect and
depression [57]. Altered activity within the anterior insular cortex has also been detected in
depressed patients [58], hence the observed anterior insular cortical thinningmay in part be
related to the negative affect associated with chronic pain. It is noteworthy that the reported
right anterior insular cortical thinning in our studied cohort was part of a cluster that corre-
lated inversely with pain duration. This points towards an acquired rather than predisposing
nature of the insular morphometric changes, and it is tempting to speculate that they may
result from increasing distress and aversiveness experiencedover several years of chronic pain.
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Limitations
Although our study is one of the largest single centre studies of cortical thickness in chronic
pain, we however, cannot exclude a type 2 error based on the limited number of subjects
studied. The sample size of our study was powered to detect 0.2 mm cortical thickness
changes [59], and compares favourably with most previous morphometric studies, but might
have precluded the detection of subtle morphometric abnormalities compared to controls.
Hence, in line with previous publications on brain morphometry in pain, we also report the
between group comparison at the uncorrected p<0.001 level. Nevertheless, cortical thickness
analysis as presented here is considered advantageous over previously used voxel basedmor-
phometry (VBM) studies, which we confirmed by repeat VBM analysis revealing no signifi-
cant within or between group findings (results not shown), but a trend for GM reductions
with longer pain duration in the posterior parts of the brain overlapping with the significant
CT results.
As any cross-sectional study, the identified associations do not allowmaking inferences on
causal relationships, and should be confirmed by longitudinal studies.
Conclusion
In conclusion, in this cross-sectional study patients with knee OA pain showed increasing neo-
cortical thinning in areas extending beyond classical pain processing areas with longer duration
of chronic pain independent from age, and pain sensitivity. This points to neuroplasticity
changes unrelated to knownmechanisms of up-regulated nociception.
Despite a group size of 70 subjects and advanced morphometric technique, we could not
confirm previous claims of major grey matter losses in pain-processing areas in OA and mus-
culoskeletal pain. We only found right anterior insula cortical thinning (at uncorrected
p<0.001) consistent with previous reports thus suggesting a possible role of the right anterior
insula in chronic OA pain in line with its putative general role in ‘distress’ conditions.
Supporting Information
S1 Fig. Scatter plots showing negative correlation with pain duration in years for four regions
(a-d; right pars orbitalis and inferior parietal, and left rostral middle frontal and frontal pole,
respectively) used for region of interest analysis defined from peak coordinates for clusters
with strongest negative correlation with log-transformed pain duration.
(DOCX)
S1 Table. Characteristicsof Knee OA patients.
(DOCX)
S2 Table. Detaileddescription of regions that exhibited significant negative correlation
with pain duration in kneeOA patients.
(DOCX)
Acknowledgments
The authors wish to thank all participants in the study. We acknowledge assistance from Anita
French, Jennifer Dixon and Diane Reckziegel in scanning, Jennifer Dixon, MaggieWheeler
and Sharon Forman for general and administrative study support, MaggieWheeler for recruit-
ment, logistic and QST support, and ARUK for funding.
Cerebral Cortical Changes in Chronic Pain
PLOS ONE | DOI:10.1371/journal.pone.0161687 September 22, 2016 12 / 16
Author Contributions
Conceptualization:LC DA.
Data curation:HA LC.
Formal analysis:HA RD.
Funding acquisition: LC DA.
Investigation:HA DA.
Methodology:HA LC DA.
Project administration: LC DA.
Resources:HA RDDA.
Software:HA RD.
Supervision:RDDA.
Validation: HA DA.
Visualization:HA.
Writing – original draft:HA.
Writing – review& editing:HA DA.
References
1. Cimmino MA, Ferrone C, Cutolo M. Epidemiology of chronic musculoskeletal pain. Best practice &
research Clinical rheumatology. 2011; 25(2):173–83. Epub 2011/11/19. doi: 10.1016/j.berh.2010.01.
012 PMID: 22094194.
2. Wartolowska K, Hough MG, Jenkinson M, Andersson J, Wordsworth BP, Tracey I. Structural changes
of the brain in rheumatoid arthritis. Arthritis and rheumatism. 2012; 64(2):371–9. Epub 2011/09/10. doi:
10.1002/art.33326 PMID: 21905009.
3. Smallwood RF, Laird AR, Ramage AE, Parkinson AL, Lewis J, Clauw DJ, et al. Structural Brain Anom-
alies and Chronic Pain: A Quantitative Meta-Analysis of Gray Matter Volume. The journal of pain: offi-
cial journal of the American Pain Society. 2013. Epub 2013/05/21. doi: 10.1016/j.jpain.2013.03.001
PMID: 23685185.
4. Apkarian AV, Sosa Y, Sonty S, Levy RM, Harden RN, Parrish TB, et al. Chronic back pain is associ-
ated with decreased prefrontal and thalamic gray matter density. The Journal of neuroscience: the offi-
cial journal of the Society for Neuroscience. 2004; 24(46):10410–5. Epub 2004/11/19. doi: 10.1523/
jneurosci.2541-04.2004 PMID: 15548656.
5. Schmidt-Wilcke T, Leinisch E, Ganssbauer S, Draganski B, Bogdahn U, Altmeppen J, et al. Affective
components and intensity of pain correlate with structural differences in gray matter in chronic back
pain patients. Pain. 2006; 125(1–2):89–97. Epub 2006/06/06. doi: 10.1016/j.pain.2006.05.004 PMID:
16750298.
6. Younger JW, Shen YF, Goddard G, Mackey SC. Chronic myofascial temporomandibular pain is asso-
ciated with neural abnormalities in the trigeminal and limbic systems. Pain. 2010; 149(2):222–8. Epub
2010/03/20. doi: 10.1016/j.pain.2010.01.006 PMID: 20236763; PubMed Central PMCID:
PMCPMC2860657.
7. Moayedi M, Weissman-Fogel I, Crawley AP, Goldberg MB, Freeman BV, Tenenbaum HC, et al. Con-
tribution of chronic pain and neuroticism to abnormal forebrain gray matter in patients with temporo-
mandibular disorder. NeuroImage. 2011; 55(1):277–86. Epub 2010/12/16. doi: 10.1016/j.neuroimage.
2010.12.013 PMID: 21156210.
8. Gustin SM, Peck CC, Wilcox SL, Nash PG, Murray GM, Henderson LA. Different pain, different brain:
thalamic anatomy in neuropathic and non-neuropathic chronic pain syndromes. The Journal of neuro-
science: the official journal of the Society for Neuroscience. 2011; 31(16):5956–64. Epub 2011/04/22.
doi: 10.1523/jneurosci.5980-10.2011 PMID: 21508220.
Cerebral Cortical Changes in Chronic Pain
PLOS ONE | DOI:10.1371/journal.pone.0161687 September 22, 2016 13 / 16
9. Buckalew N, Haut MW, Morrow L, Weiner D. Chronic pain is associated with brain volume loss in older
adults: preliminary evidence. Pain medicine (Malden, Mass). 2008; 9(2):240–8. Epub 2008/02/27. doi:
10.1111/j.1526-4637.2008.00412.x PMID: 18298708.
10. Merskey H, Bogduk N. Classification of chronic pain. Seattle: International Association for the Study
of Pain Press. 1994.
11. Suokas AK, Walsh DA, McWilliams DF, Condon L, Moreton B, Wylde V, et al. Quantitative sensory
testing in painful osteoarthritis: a systematic review and meta-analysis. Osteoarthritis and cartilage /
OARS, Osteoarthritis Research Society. 2012; 20(10):1075–85. Epub 2012/07/17. doi: 10.1016/j.joca.
2012.06.009 PMID: 22796624.
12. Banic B, Petersen-Felix S, Andersen OK, Radanov BP, Villiger PM, Arendt-Nielsen L, et al. Evidence
for spinal cord hypersensitivity in chronic pain after whiplash injury and in fibromyalgia. Pain. 2004; 107
(1–2):7–15. PMID: 14715383.
13. Staud R, Vierck CJ, Cannon RL, Mauderli AP, Price DD. Abnormal sensitization and temporal summa-
tion of second pain (wind-up) in patients with fibromyalgia syndrome. Pain. 2001; 91(1–2):165–75.
PMID: 11240089.
14. Bendtsen L, Jensen R, Olesen J. Decreased pain detection and tolerance thresholds in chronic ten-
sion-type headache. Archives of neurology. 1996; 53(4):373–6. PMID: 8929161.
15. Pavlakovic G, Petzke F. The role of quantitative sensory testing in the evaluation of musculoskeletal
pain conditions. Current rheumatology reports. 2010; 12(6):455–61. Epub 2010/09/22. doi: 10.1007/
s11926-010-0131-0 PMID: 20857243; PubMed Central PMCID: PMCPMC3128735.
16. Cagnie B, Coppieters I, Denecker S, Six J, Danneels L, Meeus M. Central sensitization in fibromyal-
gia? A systematic review on structural and functional brain MRI. Seminars in arthritis and rheumatism.
2014; 44(1):68–75. Epub 2014/02/11. doi: 10.1016/j.semarthrit.2014.01.001 PMID: 24508406.
17. Schwedt TJ, Chong CD. Correlations between brain cortical thickness and cutaneous pain thresholds
are atypical in adults with migraine. PloS one. 2014; 9(6):e99791. Epub 2014/06/17. doi: 10.1371/
journal.pone.0099791 PMID: 24932546; PubMed Central PMCID: PMCPMC4059715.
18. Erpelding N, Moayedi M, Davis KD. Cortical thickness correlates of pain and temperature sensitivity.
Pain. 2012; 153(8):1602–9. Epub 2012/04/21. doi: 10.1016/j.pain.2012.03.012 PMID: 22516588.
19. Stankewitz A, Valet M, Schulz E, Woller A, Sprenger T, Vogel D, et al. Pain sensitisers exhibit grey
matter changes after repetitive pain exposure: a longitudinal voxel-based morphometry study. Pain.
2013; 154(9):1732–7. Epub 2013/05/21. doi: 10.1016/j.pain.2013.05.019 PMID: 23685021.
20. Chen FL, Dong YL, Zhang ZJ, Cao DL, Xu J, Hui J, et al. Activation of astrocytes in the anterior cingu-
late cortex contributes to the affective component of pain in an inflammatory pain model. Brain
research bulletin. 2012; 87(1):60–6. Epub 2011/10/19. doi: 10.1016/j.brainresbull.2011.09.022 PMID:
22004615.
21. Malfait A-M, Schnitzer TJ. Towards a mechanism-based approach to pain management in osteoarthri-
tis. Nature reviews Rheumatology. 2013; 9(11):654–64. doi: 10.1038/nrrheum.2013.138.
PMC4151882. PMID: 24045707
22. Wylde V, Hewlett S, Learmonth ID, Dieppe P. Persistent pain after joint replacement: prevalence, sen-
sory qualities, and postoperative determinants. Pain. 2011; 152(3):566–72. Epub 2011/01/18. doi: 10.
1016/j.pain.2010.11.023 PMID: 21239114.
23. Lee YC, Nassikas NJ, Clauw DJ. The role of the central nervous system in the generation and mainte-
nance of chronic pain in rheumatoid arthritis, osteoarthritis and fibromyalgia. Arthritis Res Ther. 2011;
13(2):211. doi: 10.1186/ar3306 PMID: 21542893
24. Winkler AM, Kochunov P, Blangero J, Almasy L, Zilles K, Fox PT, et al. Cortical thickness or grey mat-
ter volume? The importance of selecting the phenotype for imaging genetics studies. NeuroImage.
2010; 53(3):1135–46. Epub 2009/12/17. doi: 10.1016/j.neuroimage.2009.12.028 PMID: 20006715;
PubMed Central PMCID: PMCPMC2891595.
25. Seminowicz DA, Wideman TH, Naso L, Hatami-Khoroushahi Z, Fallatah S, Ware MA, et al. Effective
treatment of chronic low back pain in humans reverses abnormal brain anatomy and function. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2011; 31(20):7540–50.
Epub 2011/05/20. doi: 10.1523/jneurosci.5280-10.2011 PMID: 21593339.
26. Pereira JB, Ibarretxe-Bilbao N, Marti MJ, Compta Y, Junque C, Bargallo N, et al. Assessment of corti-
cal degeneration in patients with Parkinson’s disease by voxel-based morphometry, cortical folding,
and cortical thickness. Hum Brain Mapp. 2012; 33(11):2521–34. Epub 2011/09/08. doi: 10.1002/hbm.
21378 PMID: 21898679.
27. Augustinack JC, Huber KE, Stevens AA, Roy M, Frosch MP, van der Kouwe AJ, et al. Predicting the
location of human perirhinal cortex, Brodmann’s area 35, from MRI. NeuroImage. 2013; 64:32–42.
Epub 2012/09/11. doi: 10.1016/j.neuroimage.2012.08.071 PMID: 22960087; PubMed Central PMCID:
PMCPMC3508349.
Cerebral Cortical Changes in Chronic Pain
PLOS ONE | DOI:10.1371/journal.pone.0161687 September 22, 2016 14 / 16
28. Lee JK, Lee JM, Kim JS, Kim IY, Evans AC, Kim SI. A novel quantitative cross-validation of different
cortical surface reconstruction algorithms using MRI phantom. NeuroImage. 2006; 31(2):572–84.
Epub 2006/03/01. doi: 10.1016/j.neuroimage.2005.12.044 PMID: 16503170.
29. Peat G, Thomas E, Duncan R, Wood L, Hay E, Croft P. Clinical classification criteria for knee osteoar-
thritis: performance in the general population and primary care. Annals of the rheumatic diseases.
2006; 65(10):1363–7. Epub 2006/04/22. doi: 10.1136/ard.2006.051482 PMID: 16627539; PubMed
Central PMCID: PMCPMC1798313.
30. Egerton M, Mullan K. An analysis and monetary valuation of formal and informal voluntary work by gen-
der and educational attainment. ISER Working Paper 2006–22. 2006. Epub November 2006. doi: 10.
1111/j.1468-4446.2007.00186.x. 18321335.
31. Melzack R. MCGILL PAIN QUESTIONNAIRE—MAJOR PROPERTIES AND SCORING METHODS.
Pain. 1975; 1(3):277–99. doi: 10.1016/0304-3959(75)90044-5 PMID: WOS:A1975AS19500006.
32. Freynhagen R, Baron R, Gockel U, Tolle TR. painDETECT: a new screening questionnaire to identify
neuropathic components in patients with back pain. Current Medical Research and Opinion. 2006; 22
(10):1911–20. doi: 10.1185/030079906x132488 PMID: WOS:000241894200007.
33. Nasreddine ZS, Phillips NA, Bedirian V, Charbonneau S, Whitehead V, Collin I, et al. The montreal
cognitive assessment, MoCA: A brief screening tool for mild cognitive impairment. Journal of the Amer-
ican Geriatrics Society. 2005; 53(4):695–9. doi: 10.1111/j.1532-5415.2005.53221.x PMID:
WOS:000227899200021.
34. Beck AT, Steer RA, Brown G. Manual for the Beck Depression Inventory-II. San Antonio. TX: Psycho-
logical Corporation. 1996.
35. Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsycholo-
gia. 1971; 9(1):97–113. Epub 1971/03/01. PMID: 5146491.
36. Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex from magnetic resonance
images. Proceedings of the National Academy of Sciences of the United States of America. 2000; 97
(20):11050–5. Epub 2000/09/14. doi: 10.1073/pnas.200033797 PMID: 10984517; PubMed Central
PMCID: PMCPMC27146.
37. Barnes J, Ridgway GR, Bartlett J, Henley SM, Lehmann M, Hobbs N, et al. Head size, age and gender
adjustment in MRI studies: a necessary nuisance? NeuroImage. 2010; 53(4):1244–55. Epub 2010/07/
06. doi: 10.1016/j.neuroimage.2010.06.025 PMID: 20600995.
38. Destrieux C, Fischl B, Dale A, Halgren E. Automatic parcellation of human cortical gyri and sulci using
standard anatomical nomenclature. NeuroImage. 2010; 53(1):1–15. Epub 2010/06/16. doi: 10.1016/j.
neuroimage.2010.06.010 PMID: 20547229; PubMed Central PMCID: PMCPMC2937159.
39. Baliki MN, Schnitzer TJ, Bauer WR, Apkarian AV. Brain morphological signatures for chronic pain.
PloS one. 2011; 6(10):e26010. Epub 2011/10/25. doi: 10.1371/journal.pone.0026010 PMID:
22022493; PubMed Central PMCID: PMCPMC3192794.
40. Spreen ES. A Compendium of Neuropsychological Tests: Administration, Norms, and Commentary.
2nd ed: Oxford Univ. Press, New York; 1998.
41. Kuchinad A, Schweinhardt P, Seminowicz DA, Wood PB, Chizh BA, Bushnell MC. Accelerated brain
gray matter loss in fibromyalgia patients: premature aging of the brain? The Journal of neuroscience:
the official journal of the Society for Neuroscience. 2007; 27(15):4004–7. Epub 2007/04/13. doi: 10.
1523/jneurosci.0098-07.2007 PMID: 17428976.
42. Jensen KB, Srinivasan P, Spaeth R, Tan Y, Kosek E, Petzke F, et al. Overlapping Structural and Func-
tional Brain Changes in Patients With Long-Term Exposure to Fibromyalgia Pain. Arthritis and rheuma-
tism. 2013; 65(12):3293–303. Epub 2013/08/29. doi: 10.1002/art.38170 PMID: 23982850.
43. Derbyshire SW, Jones AK. Cerebral responses to a continual tonic pain stimulus measured using posi-
tron emission tomography. Pain. 1998; 76(1–2):127–35. Epub 1998/08/08. PMID: 9696465.
44. Williams JH, Waiter GD, Perra O, Perrett DI, Whiten A. An fMRI study of joint attention experience.
NeuroImage. 2005; 25(1):133–40. Epub 2005/03/01. doi: 10.1016/j.neuroimage.2004.10.047 PMID:
15734350.
45. Ernst M, Nelson EE, McClure EB, Monk CS, Munson S, Eshel N, et al. Choice selection and reward
anticipation: an fMRI study. Neuropsychologia. 2004; 42(12):1585–97. Epub 2004/08/26. doi: 10.
1016/j.neuropsychologia.2004.05.011 PMID: 15327927.
46. Rogers RD, Owen AM, Middleton HC, Williams EJ, Pickard JD, Sahakian BJ, et al. Choosing between
small, likely rewards and large, unlikely rewards activates inferior and orbital prefrontal cortex. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 1999; 19(20):9029–38.
Epub 1999/10/12. PMID: 10516320.
47. Waberski TD, Gobbele R, Lamberty K, Buchner H, Marshall JC, Fink GR. Timing of visuo-spatial infor-
mation processing: electrical source imaging related to line bisection judgements. Neuropsychologia.
Cerebral Cortical Changes in Chronic Pain
PLOS ONE | DOI:10.1371/journal.pone.0161687 September 22, 2016 15 / 16
2008; 46(5):1201–10. Epub 2008/02/06. doi: 10.1016/j.neuropsychologia.2007.10.024 PMID:
18249421.
48. Apkarian AV, Darbar A, Krauss BR, Gelnar PA, Szeverenyi NM. Differentiating cortical areas related to
pain perception from stimulus identification: temporal analysis of fMRI activity. Journal of neurophysiol-
ogy. 1999; 81(6):2956–63. Epub 1999/06/16. PMID: 10368412.
49. Borckardt JJ, Smith AR, Reeves ST, Weinstein M, Kozel FA, Nahas Z, et al. Fifteen minutes of left pre-
frontal repetitive transcranial magnetic stimulation acutely increases thermal pain thresholds in healthy
adults. Pain research & management: the journal of the Canadian Pain Society = journal de la societe
canadienne pour le traitement de la douleur. 2007; 12(4):287–90. Epub 2007/12/15. PMID: 18080048;
PubMed Central PMCID: PMCPMC2670740.
50. Rodriguez-Raecke R, Niemeier A, Ihle K, Ruether W, May A. Brain gray matter decrease in chronic
pain is the consequence and not the cause of pain. The Journal of neuroscience: the official journal of
the Society for Neuroscience. 2009; 29(44):13746–50. Epub 2009/11/06. doi: 10.1523/jneurosci.3687-
09.2009 PMID: 19889986.
51. Grachev ID, Fredrickson BE, Apkarian AV. Abnormal brain chemistry in chronic back pain: an in vivo
proton magnetic resonance spectroscopy study. Pain. 2000; 89(1):7–18. http://dx.doi.org/10.1016/
S0304-3959(00)00340-7. PMID: 11113288
52. Gwilym SE, Fillipini N, Douaud G, Carr AJ, Tracey I. Thalamic atrophy associated with painful osteoar-
thritis of the hip is reversible after arthroplasty; a longitudinal voxel-based-morphometric study. Arthritis
and rheumatism. 2010. Epub 2010/06/03. doi: 10.1002/art.27585 PMID: 20518076.
53. Salaffi F, Carotti M, Stancati A, Grassi W. Health-related quality of life in older adults with symptomatic
hip and knee osteoarthritis: a comparison with matched healthy controls. Aging Clinical and Experi-
mental Research. 2005; 17(4):255–63. PMID: WOS:000232813400002.
54. Hu S, Sheng WS, Lokensgard JR, Peterson PK. Morphine induces apoptosis of human microglia and
neurons. Neuropharmacology. 2002; 42(6):829–36. Epub 2002/05/17. PMID: 12015209.
55. Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default network: anatomy, function, and rel-
evance to disease. Annals of the New York Academy of Sciences. 2008; 1124:1–38. Epub 2008/04/
11. doi: 10.1196/annals.1440.011 PMID: 18400922.
56. Baliki MN, Geha PY, Apkarian AV, Chialvo DR. Beyond feeling: Chronic pain hurts the brain, disrupting
the default-mode network dynamics. Journal of Neuroscience. 2008; 28(6):1398–403. doi: 10.1523/
jneurosci.4123-07.2008 PMID: WOS:000252932300013.
57. Craig AD. How do you feel—now? The anterior insula and human awareness. Nature reviews Neuro-
science. 2009; 10(1):59–70. Epub 2008/12/20. doi: 10.1038/nrn2555 PMID: 19096369.
58. Wiebking C, Bauer A, de GRECK M, Duncan NW, Tempelmann C, Northoff G. Abnormal body percep-
tion and neural activity in the insula in depression: an fMRI study of the depressed “material me”. World
Journal of Biological Psychiatry. 2010; 11(3):538–49. doi: 10.3109/15622970903563794 PMID:
20146653
59. Pardoe HR, Abbott DF, Jackson GD. Sample size estimates for well-powered cross-sectional cortical
thickness studies. Hum Brain Mapp. 2013; 34(11):3000–9. Epub 2012/07/19. doi: 10.1002/hbm.22120
PMID: 22807270; PubMed Central PMCID: PMCPMC3500581.
Cerebral Cortical Changes in Chronic Pain
PLOS ONE | DOI:10.1371/journal.pone.0161687 September 22, 2016 16 / 16
